INTRODUCTION 12
Twelve Penicillin Binding Proteins (PBPs) have been identified in Escherichia coli: five high 13 molecular weight PBPs (1a, 1b, 1c, 2, and 3) and seven low molecular weight PBPs (4, 5, 6, 7, 14 AmpC, AmpH, and DacD). Two of these proteins, PBP2 (mrdA) and PBP3 (ftsI), are essential for 15 normal growth (Spratt, 1975) and are not further characterized in this study. Although the 16 physiological functions of PBPs 1a, 1b and 5 are fairly well understood (Denome et al., 1999; 17 Nelson & Young, 2000) , the biological roles of the remaining PBPs are not fully determined, even 18 though most of their specific in vitro biochemical activities have been elucidated. Briefly, PBPs 1a 19 (mrcA) and 1b (mrcB) are transglycosylases and transpeptidases (Ghuysen & Dive, 1994) ; PBP1c is 20 a close homolog to PBPs 1a and 1b but has not been completely characterized (Schiffer & Holtje, 21 1999) ; PBPs 4, 5, 6, and DacD are carboxypeptidases (Amanuma & Strominger, 1980; Baquero et 22 al., 1996; Korat et al., 1991; Matsuhashi et al., 1979) ; PBPs 4 and 7 are endopeptidases (Korat et al., 23 PBPs are found in all free-living eubacteria. Their ubiquity suggests an important role in cell 26 physiology. They are known to synthesize and remodel cell wall peptidoglycan, which gives the cell 27 its rigidity and shape, prevents osmotic lysis and resists toxins. PBPs are also the target of many 28 antibiotics. Though E. coli maintains twelve PBP genes, many of the gene products have overlapping 29 biochemical functions and seem to be non-essential for exponential phase growth. In fact, an E. coli 30 mutant lacking eight of twelve PBPs is viable (Denome et al., 1999) . Perhaps individual PBPs play 31 more important roles in natural environments, where cells compete for limited carbon and energy 32 sources, encounter anti-microbial agents, and are subjected to a variety of other stresses. E. coli faces 33 similarly stressful environmental challenges during long-term stationary phase batch culture 34 incubation, where nutrients are depleted and the cells encounter alkaline and oxidative stress 35 conditions (Farrell & Finkel, 2003; Finkel, 2006) . Thus, in light of previous experiments casting 36 doubt on their importance during log phase, we sought to broaden the understanding of the 37 physiological functions of the PBPs using stationary phase survival assays conducted under a variety 38 of laboratory conditions. 39
40

METHODS 41
Bacterial strains. Strains used in this study are derived from E. coli K-12 strain ZK126 (W3110 42 ∆lacU169 tna-2) and are listed in Table 1 . Mutants of ten PBP genes were constructed by 43 homologous recombination and gene replacement with a chloramphenicol-resistance cassette (Cam R ) 44 flanked by FLP recombinase (FRT) sites (see Datsenko & Wanner, 2000) . A tnaA mutant was also 45 constructed in the same manner to serve as a control strain. This strain shows the same growth, 46 survival, and competition phenotypes as the parent strain. The Cam R mutations were transduced by 47 bacteriophage P1 into the genetically marked strain ZK1142 (Nal R ) (see Finkel & Kolter, 1999; 48 Zambrano et al., 1993) . Removal of Cam R resistance cassettes was achieved by transformation of 49 each strain with a temperature-sensitive plasmid expressing FLP recombinase (Datsenko & Wanner,2000) . For complementation experiments, PBP mutant SF2341 (mrcB) was transformed with 51 plasmid pSAD426-11, which expresses mrcB, or the plasmid pSAD444-1, which carries a mutant 52 variant of mrcB (Denome et al., 1999) . 53 54 Culture conditions and titering assays. 5 ml cultures were grown in 18 X 150 mm test tubes at 55 37°C with aeration in a TC-7 roller drum (New Brunswick Scientific, Edison, NJ). Luria-Bertani 56 (LB) medium was prepared according to manufacturer's instructions (Difco). For all titering assays, 57 viable counts were determined by serial dilution of cells removed periodically from the cultures, 58 followed by plating on LB agar containing appropriate antibiotics at the following concentrations: 59 nalidixic acid (20 µg/ml), streptomycin (25 µg/ml), or chloramphenicol (30 µg/ml). To measure 60 long-term survival of individual strains in monoculture, 5 ml cultures were inoculated 1:1000 61 (vol:vol) from fresh overnight cultures started from frozen LB-glycerol stocks. To ascertain the 62 relative fitness of mutant strains, wild-type and PBP mutants were either co-inoculated 1:1000 as 63 described above, or 2.5 ml each of strain from overnight cultures were mixed, followed by periodic 64 sampling, serial dilution, and plating on selective media that allowed quantification of individual 65 sub-populations. Where appropriate, cultures were buffered at pH 5 with 100mM MES, pH 7 with 66 100 mM HEPES, or at pH 9 with 100 mM TAPS (Sigma-Aldrich). To determine doubling time, 67 approximately 10 3 CFU/ml from overnight cultures were inoculated into either fresh LB or 68 conditioned medium (see below) and quantified hourly during exponential growth phase. wild-type or mutant bacteria and incubated for 1 to 5 days, followed by filter sterilization (0.22 µm 86 filters; Nalgene) to remove bacterial cells from the medium. Cells from freshly grown overnight 87 cultures were then inoculated 1:1000 into conditioned media and monoculture assays were 88 performed as described to quantify viable cells.
For long-term survival assays, conditioned 89 medium from 1-or 5-day-old cultures was used. For outgrowth experiments used to determine 90 doubling time in conditioned medium, medium from 3-day-old cultures was used. 91
92
RESULTS AND DISCUSSION 93
Cultured in LB under standard laboratory conditions, single mutations in each PBP gene 94 tested had no observable effect on bacterial growth yields (Fig. 1A) . However, PBP1b
-strains show 95 an increase in average doubling time during exponential phase compared to wild type cells 96 (discussed below). All PBP mutants were viable during long-term monoculture for more than 10 97 days, exhibiting similar survival patterns to the parent and control strains (Fig. 1A. ) 98
To determine whether any PBP mutants display the stationary phase-specific competition 99 defective (SPCD) phenotype (Finkel & Kolter, 2001 ; R. Yalamanchili and S. Finkel, manuscript in 100 preparation), we competed PBP mutants against wild-type strains in LB batch cultures. The SPCD 101 phenotype is defined by the inability of a mutant strain to co-exist with its parental strain during 102 long-term co-culture in stationary phase. In contrast, when cultured alone, the mutant strain shows 103 no long-term growth or survival defects. In competition assays, only the PBP1b mutant showed a 104 significant SPCD phenotype (Fig. 1B) . The competitive fitness of this mutant is sharply reduced, 105 leading to its extinction from the population within one week of co-culture. When transformed with 106 a plasmid expressing mrcB (pSAD426-11), long-term fitness of PBP1b mutants increased by at least 107 two orders-of-magnitude over a ten-day period compared to strains transformed with the vector 108 plasmid pSAD444-1 (data not shown). None of the other PBP mutant strains tested showed a 109 significant decrease in fitness or viability compared to the tna control strain (data not shown). The 110 SPCD phenotype is also apparent when mrcB mutants are competed against parental strains in 111 conditioned media (data not shown) or when both strains are grown individually to stationary phase 112
and then mixed such that the initial population of both strains is approximately equal (initial density 113
~10
9 CFU/ml; see Fig. 1C ). Thus, even though mrcA mrcB double mutants, lacking both PBP1a and 114 PBP1b, are lethal (Suzuki et al., 1977) and single mutations in either gene are not (indicating 115 overlapping function), the PBP1b mutant displayed the SPCD phenotype (Fig. 1B) , whereas the 116 PBP1a mutant exhibited normal competitive ability. This suggests that PBP1b plays an important 117 role in E. coli during stationary phase and correlates well with previous studies proposing that 118
PBP1b possesses a greater biosynthetic capacity than PBP1a (Garcia del Portillo & de Pedro, 1990) , 119 in spite of the fact that both proteins are transglycosylases and transpeptidases. It is also in 120 agreement with studies that conclude that PBP1b is the major high-molecular PBP in E. coli (Chalut 121 et. al., 2001 ).
Possessing multiple PBPs may also assist the cell in resisting the effects of certain antibiotics 123 that target cell wall synthesis. PBPs interact with ß-lactam antibiotics, such as ampicillin, in differing 124 manners. Some form stable serine esters, while others have weak to strong ß-lactam hydrolyzing 125 activity (Livermore, 1995) . Thus we expected that individual PBP mutants might display differential 126 sensitivity and/or resistance to ß-lactams. The wild-type and all PBP mutant strains were tested for ß-127 lactam sensitivity using zone of inhibition and minimum inhibitory concentration (MIC) assays. Our 128 results indicate that mutations in mrcB cause E. coli to become more sensitive to ampicillin (Fig. 2)  129 as well as the ß-lactams cefoxitin and moxalactam (data not shown). In zone of inhibition assays, 130 this effect was completely reversed by complementation with a plasmid carrying mrcB + (Fig. 2) . 131
Importantly, PBP1b mutants were not more sensitive than wild-type cells to other antibiotics that 132 target protein synthesis, including kanamycin, chloramphenicol, and streptomycin (data not shown). 133
Mutations in ampC, as expected, also increased ampicillin sensitivity (Fig 2; also see Henderson et 134 al., 1997) , though mutants of ampH, a ß-lactamase homolog, and all other PBP mutants tested had 135 responses similar to the wild-type (data not shown). In MIC assays, mrcB mutants were also more 136 susceptible than wild-type strains to the effects of ampicillin (MIC = 3.0 µg/ml for mrcB vs. 6.0 137 µg/ml for wild-type), cefoxitin (1.5 µg/ml vs. 2.5 µg/ml), and moxalactam (0.15 µg/ml vs 0.30 138 µg/ml). 139
The cell wall is important for survival under conditions of osmotic stress that bacteria often 140 encounter in natural environments, including soil and the intestinal tract. The loss of PBP1b causes 141 cells to become more sensitive to a hypertonic culture medium; wild type cells survive 2M sucrose 142 for at least 72 hours, while mutants lose viability ( Fig. 3 ; compare to Fig 1A) . At concentrations 143 below 2M sucrose both wild type and mrcB cells have similar survival characteristics (data not 144 shown). All other PBP mutants survived osmotic stress as well as the parent and control strains (data 145 not shown). The sensitivity of the PBP1b mutant to osmotic stress under laboratory conditionssuggests that PBP1b may less efficiently build or maintain its cell wall, a factor that may contribute 147 to the SPCD phenotype displayed by the mutant. 148
The SPCD phenotype of mrcB mutants is affected by the pH of the medium. In unbuffered 149 LB, the SPCD phenotype is evident within 10 days (Fig. 1b) . During long-term batch culture the 150 medium begins at pH ~7, becomes basic (pH ~ 8.5) after 24 hours, and remains at this pH or greater 151 for at least ten days (data not shown). Basification occurs primarily due to the use of amino acids as 152 the primary source of carbon and energy after exhaustion of the initial carbohydrates in the medium 153 (Finkel & Farrell, 2003) . Therefore we decided to test the competition phenotype of mrcB mutants 154 as a function of environmental pH. In LB buffered to acidic (pH~5) or neutral (pH~7) conditions, 155 mrcB mutants are more fit than at basic pH, although they still show a fitness defect compared to 156 wild type cells (Fig. 4A-B) . In LB buffered to alkaline pH, the competitive "defect" of the mutant is 157 immediately apparent in the reduced overnight yield, after which the mutant sub-population steadily 158 declines until no cells can be detected by day 10 (Fig. 4C) . Thus the competitive ability of the mutant 159 is more highly compromised in basic medium when compared to what is observed in unbuffered 160 medium (compare Fig. 4C to Fig. 1B) . The reason(s) for the dramatic effect of pH are not clear at 161 present. However, it has been reported that the activity of a high molecular weight PBP in 162
Streptococcus pneumoniae, homologous to E. coli transpeptidases PBPs 2 and 3, is sensitive to 163 extremes of pH (Laible et. al, 1989; Thomas et. al., 2001 ). Therefore, it is possible that as the pH 164 increases during batch culture (see Farrell and Finkel, 2003) PBP1b's transpeptidase activity 165 becomes critical since the activity of the other PBPs may be compromised. 166
Another explanation for the SPCD phenotype displayed by mrcB strains is increased 167 sensitivity to extracellular factors, such as toxins or degradative enzymes produced by the parent cell 168 line but not by the mrcB mutant. To investigate this possibility, conditioned medium experiments 169 were performed (see Methods) in which mrcB mutant cells were inoculated into cell-free medium 170 comprised of the filtrate of previously cultured wild-type or PBP1b mutant bacteria. Since nodifference in the long-term survival kinetics of wild type or mutant strains was observed over a ten-172 day period (data not shown), it seems unlikely that toxin production plays a direct role in the 173 observed SPCD phenotype. However, conditioned media experiments did reveal a significant effect 174 on doubling time during outgrowth (see below). 175
We propose that PBP1b mutants display the SPCD phenotype for several reasons. First, 176 mutants may less efficiently construct or maintain their cell walls, leaving the bacterium more 177 susceptible to osmotic and alkaline stress; consequently, a greater proportion of mutant cells may die 178 per unit time when compared to the parental strain during stationary phase. Also, assays performed 179 in both LB and conditioned media indicate that average doubling times increase for PBP1b mutants 180 compared to wild type cells (Fig. 5) . In LB medium, mrcB mutant doubling times are increased by 181 approximately 36% (compare 28 min. vs. 38 min for the mutant; Fig. 5A ). In conditioned medium, 182 with limited nutrients and alkaline pH equivalent to that of stationary phase, the average doubling 183 time of the PBP1b mutant is ~42% longer (85 min. for the mutant strain compared to 60 min. for the 184 wild type). If extracellular toxin production were contributing to the SPCD phenotype of mrcB 185 mutants, we would expect a greater difference in relative growth rates in conditioned medium as 186 compared to fresh LB due to accumulation of potentially toxic extracellular compounds during long-187 term stationary phase incubation. However, in both LB and conditioned media the PBP1b mutant 188 strain shows an ~40% increase in doubling time compared to wild type cells, suggesting no such role 189 for extracellular factors. 190
Both a decreased rate of cell division (especially during stationary phase) and an increased 191 death rate due to altered sensitivity to environmental stressors can affect the ability of cells to 192 compete and may lead to the eventual extinction of PBP1b mutants when co-cultured with wild-type 193 strains. In general, functional redundancy may be a reason that most PBP mutants display no 194 obvious phenotype (Young, 2001 Zambrano et al., 1993; Finkel & Kolter, 1999 . ZK1142 ZK126 Nal R - Zambrano et al., 1993; Finkel & Kolter, 1999 Fig. 2 . Ampicillin zone of inhibition assay. Cells grown overnight in LB medium were spread onto LB-agar plates containing filter-discs infused with ampicillin at 1.5 mg/ml or 7.5 mg/ml. The zone of inhibition is the diameter (measured in mm) of the clear area surrounding the filter disc where bacteria do not grow. Wild-type strain (ZK1143), tna control (SF2336), ∆PBP1b (SF2341), ∆PBP1b + p1b (PBP1b expression plasmid; SF2370), ∆PBP1b + vec (vector control; SF2371) and ampC (SF2356) were used. The average of three experiments is shown with standard error indicated. -strain (SF2341), triangles. Asterisk indicates cell titers are below the limit of detection (<1000 CFU/ml). Experiments were performed three times; representative data is shown.
